I. INTRODUCTION
The strain tolerance of Nl^Sn conductors has been a major concern for developers of large scale magnets. Consequently, numerous studies of the strain dependence of critical current have been made for a wide variety of composite Nb3Sn conductors.*-*^ These studies have lead to a recognition that differential thermal contraction between the bronze matrix and the superconducting core induces a compressive strain in the ffl^Sn which must be overcome by an applied tensile strain before degradation occurs. Although it is generally thought that tensile strains eventually lead to cracking of the compound and degradation of the superconducting properties,^-16 ^e exact cause and nature of such cracking is not well understood, In this report we present SEM and optical microscopic observations of cracking in the compound layer which occurred at various tensile and compressive strains. Changes in critical current densities and mechanical properties are correlated with these observations. 
II. EXPERIMENTAL
A series of monofilament wires with nominal bronze compositions of 13wt%Sn was prepared by drawing.* The starting niobium core diameter was 0.318 cm in each case, and the bronze to niobium ratio, R, was varied from 1.1 to 44 by using different overall bronze diameters. To prevent inadvertently straining the wires during mounting each wire was heat treated in a straight 30 cm length. Heat treatment was done in evacuated (2xl0" 6 torr) quartz tubing. Critical current and strain measurements at 4.2K and 4.0 tesla were made in situ using an Instron 10,000 lb tensile testing machine. A calibrated strain gauge employing Cu+2wt3Be deflection bars was soldered directly to the wire specimens. The strain gauge calibration was checked periodically between measurements. Precision in the strain measurement was ±0.01%. Stress-strain curves were plotted on an x-y recorder while I c data were simultaneously taken on a second recorder. SEM analysis was done using a JEOL 100C electron microscope with a scanning attachment model 4D operated at 40 kV, in the secondary electron mode. The operating resolution was Ss60A.
III. RESULTS
In a previous investigation^ of the effects of * applied tensile strain on the superconducting critical current density, J c » of these wires, it was noted thai: the response to strain of J c at 4.0 tesla differed for _ wires with different values of R. This behavior is illustrated in Fig. 1 where J c , normalized to unity at its maximum value, is plotted versus "intrinsic strain", 13 '*•* i.e. the applied strain minus its value when J c is a maximum. Since it is thought that the maximum J c occurs when the tensile loading has removed the original axial compressive strain in Nb3Sn due to differential thermal contraction, the intrinsic strain is presumed to be a measure of the actual strain state in the compound, with negative values corresponding to compression. The data plotted in Fig. 1 In addition to the rate of degradation of J c with strain, the value of ttnsile strain which results in permanent degradation of J c » e£ c , is of considerable importance in the technological application of composite Nb3Sn conductors. The variation of 3j c with bronze to niobium ratio, R, is shown in Fig. 2 together with the values of applied tensile strain necessary to reach the peak in J c , e oax . As pointed out earlier, 4 ' 15 values of e 0 ** for both J c and T c increase with increasing R to approximately R»10 where saturation occurs. The form of this variation with R follows the form of the R-dependence of the residual elastic strain due to differential thermal contraction. 16 It is seen in Fig. 2 that ef c also shows this same R-dependence (except, perhaps, for R»44). Note that the intrinsic tensile strain required to permanently damage the Nb^Sn layer is ~0.6%.. for. values .of_R<3..and.decreas_es_slightly with increasing R.
. " Since C^Sn is a brittle material, it was suspected . that the "non-universal" behavior of J c in the tensile domain of intrinsic strain as well as the onset of permanent damage was the consequence of cracks in the compound: either the opening under tensile strain of preexisting cracks formed during the fabrication process and subsequent cooling or the initiation and propagation of cracks during the tensile loading. The former possibility was studied by cooling unstrained samples to 4.2K and then examining them at room temperature for cracks. Optical examination of longitudinal sections of unstrained wires showed no evidence of cracking. However, an SEM examination was made of the fft>3Sn surface after the bronze matrix was removed by etching in a 50% by volume aqueous solution of HNO3, and this technique revealed the presence of surface cracks when the R value exceeded 3. Only one such crack was observed in several examinations of the sample with R»3.4, but the incidence of surface cracks increased for greater R values. Although the existence of such cracks may be the origin of the R-dependence of the rate of degradation of J c in the tensile domain of intrinsic strain, it was not possible to directly correlate the surface cracks in unstrained samples with cracking which occurred during straining. Furthermore, the mechanism by which the cracks form is not known at this time.
To aid in understanding the irreversible degradation of the critical current, I c , which accompanies tensile strains .£0.67., a detailed study was made of I c as a function of strain for a sample with R=2.5. Measurements were made in both the loaded and unloaded conditions, and the results are summarized in Fig. 3 . The associated stress-strain history is shown in Fig.  4 . The cracking behavior of the Nb^Sn layer under these conditions was studied by preparing several wires with identical values of R and identical heat treatment, straining to desired levels, sectioning longi-, tudinally, and polishing approximately 4 cm sections for examination by optical microscopy. Results so obtained and the associated changes in I c are summarized in Table I. Three principal feature^ characterize cracks observed optically in strained samples. First, "nontraversing" cracks, i.e. those which do not penetrate the Nb^Sn layer, are observed when the strain slightly exceeds S m | x . These cracks appear where there are irregularities in the compound thickness. At larger strains, ~1.17. for R»2.5, major "traversing" cracks are observed, and finally, in fractured specimens crack nucleation at the Nb-Stt^Sn interface is observed. The onset of cracking appears to correlate with the opening of hysteresis loops in the stress-strain curve (Fig.  4) . This aspect is under further investigation.
These general features were also seen in the higher ratio samples where the SEM analysis revealed surface cracking. Whether or not the "non-traversing" cracks, seen at strains less than those required to cause permanent degradation, are related to the surface cracks is an open question. The presence of "non-traversing cracks" in this strain range, however, may account for the variations in tensile strain behavior observed in Figs. 1 and 2 .
The appearance of major "traversing" cracks correlates with the onset of a decreased slope in the voltage-current curve at the superconducting to normal transition and with the onset of irreversibility, i.e. in this domain I c (unloaded)<I c (loaded) for equal values of strain. The transverse crack density remains nearly constant within this range, which suggests that continued degradation of the critical current results primarily from an increase in crack width with strain. Evidence supporting this view was found straining a sample (R»2.5) to fracture and examining it near the point of failure by SEM. Necking in the unreacted niobium produced a variation in residual plastic strain along the specimen axis, and crack width was found to decrease with distance from the fracture, i.e. to decrease with decreasing strain (Fig. 5) .
IV. CONCLUSIONS
The response to applied tensile strain of the critical current in monofilament Vb^Sn composite wires is dependent upon the bronze-to-niobium ratio, R, of the composite. The aoplied strain at the maximum in critical current, s°* , seezas to be dependent solely on the value of the differential-thernsal-contraction-inducad residual compressive strain ("prestrain") in the Nb3Sn, which is a function of R.
The rate of degradation of J c by strain in the tensile domain of intrinsic strain is strongly dependent on R although it is not clear that it is a function of the magnitude of the "prestrain" only. This behavior appears to be related to the presence of surface cracks in the Nb3Sn layer, initiated during fabrication and subsequent cooling to 4.2 K. There appears to be a critical value of R, ~3, above which such cracks exist. (This corresponds to a corapressive "prestrain" of ~0.6%.) The presence of the surface cracks could not be directly correlated with the appearance of the "non-traversing" cracks which appear at irregularities in the Nb3Sn when the intrinsic strain becomes tensile.
The applied tensile strain value marking the onset of permanent degradation to J c , £f c , increases with increasing prestrain, i.e. increasing R. However, the intrinsic tensile strain at die onset of degradation is . more or less the same, ~-0.4-0.67., for different values of R. This does not necessarily imply that Nb3Sn does not crack until this elongation has been reached. It might, for example, be a consequence of the onset of plasticity in the underlying Nb preventing the reclosure of existing cracks in the Nb3Sn layer.
In fractured specimens, crack nucleation was observed to occur at the interface between the compound and the unreacted niobium core. Nucleation of"nontraversing" cracks in specimens receiving lesser amounts of tensile strain was noted to occur at irregularities on both compound surfaces. The presence of cracks in the compound layer correlated with the opening of hysteresis loops in the stress-strain plots. -I c (unloaded) nay differ slightly from I c (loaded) at the same value of e.
-Major transverse cracks observed optically, often accompanied by serrations in the stress-strain curves, -A decrease in the slope of the voltage-current curve.
-Some recovery but I c (unloaded) <I C (loaded) at the sane value of e.
-Nearly constant transverse crack density (400-600 cracks/inch). -Nucleation of non-traversing cracks at Nb-Nb3Sn interface.
-May be no recovery on unloading.
